Background: Untreated HIV may increase the risk of cardiovascular events. Our preliminary in vitro and in vivo research suggests that pentoxifylline (PTX) reduces vascular inflammation and improves endothelial function in HIV-infected persons not requiring antiretroviral therapy.
Introduction
HIV-infected patients are at an increased risk for developing cardiovascular disease (CVD) compared to the uninfected population [1, 2] . Much of this increased risk had previously been attributed to the dysmetabolic effects associated with the use of antiretroviral therapy (ART) [3] . However, recent data strongly suggest that HIV-related systemic inflammation also contributes to this excess CVD risk as well as overall mortality, especially in those not receiving ART [4, 5, 6, 7] .
Endothelial dysfunction is a key and initial promoter of atherosclerosis in the general population [8, 9] . Because systemic inflammation is associated with endothelial dysfunction [10] , reduction of inflammation may improve endothelial health and consequently reduce the risk of future CVD events [11, 12] .
We have previously shown that pentoxifylline (PTX), a phosphodiesterase inhibitor, can downregulate the endothelial activation marker vascular cell adhesion molecule-1 (VCAM-1) in an in vitro HIV-1 endothelial cell model [13] . In addition, we demonstrated in an open-label, single arm, 8 week pilot trial of PTX given to HIV-infected patients not requiring ART that PTX use was well-tolerated and reduced circulating levels of sVCAM-1 and interferon-c-induced protein 10 (IP-10). Moreover, flowmediated dilation (FMD) of the brachial artery [14] , a validated measure of in vivo endothelial function and predictor of future cardiovascular events [11, 12] , improved significantly. Taken together, these data suggest that PTX may inhibit leukocyte adhesion pathways that are involved in vascular inflammation and dysfunction in those with HIV infection. If so, then PTX would potentially be an inexpensive, safe, and readily available therapy to reduce systemic inflammation and improve the cardiovascular risk profile in the HIV-infected population. On the basis of these initial observations, we conducted a randomized, double-blind, placebocontrolled trial of PTX in HIV-infected participants not on ART to test the hypothesis that PTX would reduce systemic inflammation and improve FMD in this population.
Methods

Study Design
The protocol and informed consent form for this trial and supporting CONSORT checklist are available as supporting information; see Protocol and Consent S1 and Checklist S1.
We performed a randomized, double-blind, placebo-controlled, parallel group trial of oral PTX 400 mg given thrice daily for 8 weeks in HIV-infected study participants not requiring ART per DHHS Guidelines at the time of the study (ClinicalTrials.gov NCT00796822). We excluded those on ART in order to isolate the effects of PTX on untreated HIV and to avoid the potentially confounding effects of ART on endothelial function [15, 16] and to assess why lack of ART may predispose to endothelial dysfunction. Participants had study procedures performed at baseline, 4 weeks, and 8 weeks. Participants underwent assessment for eligibility at a screening visit and within 21 days were then randomized 1:1 via a computerized random-generated list (with a block size of 4 for the first 24 participants and a block size of 2 for the remaining 2 participants) to either PTX or matching placebo. PTX was given as 400 mg extended-release tablets purchased commercially. Both PTX and placebo were over-encapsulated with gelatin capsules with cellulose backfill to provide matching color, taste, size, smell, and texture. Adherence was assessed by 3-day recall of missed doses at each study visit. Adverse events were assessed at each visit and in between scheduled visits as needed. Assessment of successful blinding was performed at the end of trial participation by asking the participants if they thought they knew to which study arm they were assigned.
The protocol underwent one major amendment and revision in February 2009 to clarify eligibility criteria. Over the course of the trial, there were 8 protocol deviations (5 for out of window study visits to accommodate participant schedules, 2 for out of window measurements of HIV-1 RNA levels due to faulty lab equipment, 1 for not having advanced flow cytometry measurements performed at one study visit).
Study Population
Participants were recruited from the HIV outpatient clinics associated with the Indiana University Health medical system. Primary inclusion criteria included documented HIV-1 infection, age $18 years, CD4 cell count $350/mL at screening, no receipt of ART within 6 months of screening and no anticipated need for ART during the course of trial participation. Major exclusion criteria included diagnosed cardiovascular disease, diabetes, hypertension, thyroid abnormalities, other systemic inflammatory disease (although hepatitis B or C co-infection was allowed); pregnancy or breastfeeding during the trial; known intolerance to PTX or other methylxanthines; creatinine clearance ,50 mL/ min, hemoglobin ,9.0 g/dL, alanine (ALT) or aspartate (AST) aminotransferase .3 times upper limit of normal, total bilirubin .2.5 times upper limit of normal; ongoing fever or active infection/malignancy during a study visit; or use of antiinflammatory (including aspirin or non-steroidal anti-inflammatory drugs), lipid-lowering, or anticoagulation agent at screening or during the trial.
Study Procedures
Participants were required to fast and not smoke for at least 8 hours prior to all study procedures. FMD and nitroglycerinmediated dilation (NTGMD) studies were performed at all study visits according to recommended guidelines [17] by a single registered vascular ultrasonographer who was certified by the University of Wisconsin Atherosclerosis Imaging Research Program Core Laboratory. After resting supine for 10-minutes in a temperature-controlled room, a blood pressure cuff was placed on the widest part of proximal right forearm approximately 1 cm distal to the antecubital fossa. Using a 10 MHz resolution linear array vascular ultrasound transducer with an Acuson CV70 ultrasound machine, the brachial artery was located above the elbow and scanned in longitudinal sections. After recording baseline B-mode digital images of the brachial artery and spectral Doppler images of flow, the forearm cuff was inflated to 250 mmHg for 5 minutes to induce reactive hyperemia. Immediately after deflation, spectral Doppler images are obtained to verify hyperemia. FMD of the brachial artery was measured 60 and 90 seconds after cuff deflation. The relative FMD (%) was calculated as the ratio between the largest post-cuff release and the baseline diameter. Fifteen minutes later, repeat brachial artery images were obtained and 400 mcg of sublingual nitroglycerin was administered. The artery was re-imaged 3 minutes later. NTGMD was calculated in an analogous fashion. Images were sent electronically to the University of Wisconsin core imaging laboratory for quality control and interpretation by a blinded, single, experienced technician using Access Point Web software (Freeland Systems, Westminster, CO).
Cellular immune activation, defined as circulating proportions of CD3+CD8+CD38+HLA-DR+ cells, was assessed by flow cytometry using fresh whole blood on the same day as the collection at baseline and at week 8. Circulating serum levels of PTX were measured using an in-house high performance liquid chromatography assay. Circulating inflammatory markers [high sensitivity C-reactive protein (hsCRP), serum interleukin-6 (IL-6), soluble tumor necrosis factor-a receptors I and II (sTNFRI, sTNFRII), tissue inhibitor of metalloproteinase-1 (TIMP-1), monocyte chemoattractant protein-1 (MCP-1), interferon-cinduced protein 10 (IP-10)], a coagulation marker [plasminogen activating inhibitor antigen-1 (PAI-1 Ag)], an endothelial activation marker [soluble vascular cell adhesion molecule-1 (sVCAM-1)], and metabolic markers [lipid fractions, insulin, glucose] were measured in batches from archived frozen samples (kept at 280uC) at the University of Vermont Laboratory for Clinical Biochemistry Research. The homeostasis model assessment-insulin resistance (HOMA-IR) was used to estimate insulin resistance from fasting glucose and insulin measures [18] . hsCRP, IL-6, IP-10, lipids, and insulin were measured from serum, MCP-1, sTNFRI and II, sVCAM-1, and TIMP-1 were measured from EDTA plasma, and PAI-1 Ag was measured from citrated plasma. Safety laboratories were assessed at the Indiana University Health commercial laboratory at each study visit.
Statistical Analysis
The sample size was determined based on a two-sample, independent, two-tailed t-test with 5% type I error for the primary endpoint of change in FMD from baseline to week 8. Using the results from our pilot trial [14] , we conservatively estimated a predicted absolute change in FMD of 3.5% with PTX (assuming no change in placebo-treated participants) and we assumed a common standard deviation of 2.6%. A sample size of 10 per group was estimated to provide at least 80% power to detect this effect size. Allowing for a 20% dropout rate, we planned to recruit 13 subjects per group. Continuous variables were summarized by treatment groups using descriptive statistics. Categorical variables were summarized using frequency counts and percentages. Baseline clinical and demographic data were compared between two treatment groups. Continuous variables were summarized by treatment groups using descriptive statistics. Categorical variables were summarized using frequency counts and percentages. Baseline clinical and demographic data were compared between two treatment groups. Categorical variables were examined using Fisher's exact test. We employed Student's t-test for comparisons of continuous measures as we found no evidence of violation of the normality assumption for these variables; of note, HIV-1 RNA level, HOMA-IR, and hsCRP required logarithmic transformation to approximate normal distributions prior to such analysis. Independent twosample Student's t-test was used to compare the mean changes in FMD from baseline to week 8 between the placebo and PTX groups. To account for missing week 8 FMD measures, Lachin's worst-rank analysis approach [19] was used as part of the intentto-treat analysis.
As we specifically wished to evaluate the effects of covariates on the primary outcomes, we also performed multiple linear regressions adjusted for treatment on the changes in FMD and NTGMD for 4 and 8 weeks. In these models, the indicator variable for PTX was kept regardless of its significance, while other potential baseline covariates, including age, sex, race, body mass index, FMD, and laboratory data, were included one at a time.
The computerized randomization list was generated by the study statistician and kept by the study pharmacist who then provided study drug or placebo in matching containers. Study participants, study personnel, and all outcome assessors were blinded to the allocation. Analyses were performed as intention to treat but without corrections for multiple testing for the secondary analyses. Two-sided P-values ,0.05 were considered statistically significant. All analyses were performed in SAS 9.3 (SAS Inc., Cary, NC).
Ethics Statement
This trial was approved by the Indiana University Institutional Review Board. All participants provided written, informed consent prior to screening. Figure 1 outlines the flow of the study participants through the trial. Thirty-one potential participants underwent screening. Study recruitment, enrollment, and follow-up assessments were performed from May 2009 through October 2011. Of these, 1 was found to be pregnant, 1 required a prohibited medication, 1 could not provide blood samples (difficult venipuncture), and 2 withdrew consent prior to randomization. The characteristics of the remaining 26 participants are shown in Table 1 . The majority of participants were non-Hispanic, non-smoking, black men. Of note, no white women enrolled into the trial. The mean (standard deviation, SD) CD4 cell count and HIV-1 RNA level for the entire study group was 555 (169)/mL and 4.0 (0.9) log 10 copies/mL, respectively. None had active hepatitis B or C co-infection. There were no significant differences in the baseline characteristics between arms. All 13 participants in the placebo arm completed the 8 week trial. However, 2 of the PTX participants were lost to follow-up by week 4, 1 developed Grade 2 neutropenia at week 4 and was subsequently withdrawn, and 1 had poor ultrasound data quality at week 8. Thus, 11 and 9 participants, respectively, of the 13 initial PTX participants had evaluable vascular imaging data at the weeks 4 and 8 study visits; 11 and 10, respectively, in the PTX group and samples available for biomarker analysis.
Results
Study Cohort Characteristics
At the 4 week visit, 15 of the 24 evaluable study participants, respectively, claimed no missed study drug and the remainder claimed no more than 3 missed doses in the 3 days prior to the study visit. At week 8, 12 of the evaluable 22 participants claimed no missed doses and 7 of the remaining 10 claimed no more than 3 missed doses in the 3 days prior to the study visit. At weeks 4 and 8, 3 PTX participants at each time point had no measurable PTX drug concentration; 2 of the 3 PTX participants had no measurable drug concentration at both weeks 4 and 8.
Because one participant in the PTX group was removed due to an adverse event, unblinding of this participant's randomization assignment may have occurred. To assess potential selection bias after withdrawal of this participant, the Berger-Exner test [20] was performed and was found to have a P-value of 0.11, suggesting no significant selection bias.
Changes in Vascular Measures
The absolute mean values of the primary outcome measure, FMD, and other vascular measures at each time point are shown in Table 2 . FMD generally declined in both treatment groups (Figure 2A The within-group changes in FMD from baseline through week 8 was statistically significant in the placebo group (P = 0.02) but not within the PTX group (P = 0.09); no significant changes were found within groups from baseline through week 4. In models that explored possible predictors of change in FMD after 8 weeks and PTX treatment, both sex (P = 0.003) and week 0 FMD (P,0.0001) were identified; men had significantly less of a decrease in FMD compared to women and those with greater FMD at baseline had greater decreases in FMD. Of note, smoking status was not associated with FMD change.
A post-hoc exploratory analysis of differences in FMD by sex and baseline FMD is shown in Figure 3 . As expected, women had higher FMD at baseline (3 of 7 women vs. 0 of 19 men had baseline FMD .6.0%); these 3 women had large decreases in FMD during the trial. As shown in Table 3 , brachial artery diameters at baseline were, as expected, significantly larger in men compared to women, but this did not translate into a significant difference in mean baseline FMD. Baseline brachial artery diameters did not change over time in either men or women. We then examined a model including PTX, sex, and week 0 FMD on changes in FMD after 8 weeks; week 0 FMD remained significantly associated (P = 0.0009) and sex was marginally associated (P = 0.09) with change in FMD after 8 weeks.
There was also no significant difference (P = 0.14) in mean absolute change (SD) in FMD at week 4 between the placebo [20.10 (1.58)%] and PTX [21.62 (2.92)%] groups. In models including all other variables and PTX assignment, no significant effects of these other variables on FMD were found.
In analyses including only those PTX participants who had detectable PTX drug concentrations, no significant differences in the changes in FMD at either 4 or 8 weeks between groups were observed (data not shown). There were no significant differences in Notes: Data presented as means (standard deviation). All 13 placebo subjects had vascular imaging data available at all study visits. Of the 13 pentoxifylline subjects, 11 and 9 had vascular imaging data available at weeks 4 and 8 respectively. 1 For comparisons between placebo and pentoxifylline groups. 2 The reduction in FMD from baseline to week 8 was statistically significant within the placebo group (P = 0.02) but not within the pentoxifylline group (P = 0.09). No significant changes were found within groups in any other vascular measure from baseline to week 8 or from baseline to week 4. doi:10.1371/journal.pone.0060852.t002
change in FMD at week 8 in those who did have and did not have detectable PTX levels (data not shown). There were no significant changes in NTGMD at either week 4 or week 8 between the two groups.
Changes in Biomarkers
The absolute mean values of the immunologic, virologic, inflammatory, coagulation, and metabolic parameters assessed during the trial are presented in Table 4 . PAI-1 Ag was significantly higher in the PTX group at both baseline and at week 8. However, there were no significant differences in the changes in PAI-1 Ag between groups. As shown in Figure 2B , the only significant difference in the changes in these biomarkers from baseline to week 8 was in sTNFRI [283.2 pg/ mL in the placebo group vs. 65.9 pg/mL in the PTX group; P = 0.03]. This change in sTNFRI was not significantly correlated with the change in FMD. Of note, there were no significant within-group changes in any biomarker through week 8.
Safety
There were no serious adverse events during the trial. As shown in Table 5 , most study participants reported at least one physical symptom during the trial, none of which were treatment-limiting. There were no significant differences between the number of total reported symptoms or laboratory abnormalities in the placebo group compared to the PTX group. All toxicities were considered grade 1 and not treatment-limiting except for one grade 2 neutropenia which prompted study discontinuation in 1 participant at week 4.
Discussion
PTX did not reduce circulating markers of inflammation and did not improve arterial FMD, a measure of endothelial function, in this randomized, placebo-controlled trial of HIV-infected persons not requiring ART. PTX also did not reduce the levels of the leukocyte adhesion molecules sVCAM-1 or IP-10, although this effect was found in our smaller, open-label pilot study [14] and in our in vitro endothelial cell model combining TNF-a with HIVsecreted proteins [13] . The inflammatory marker sTNFRI surprisingly increased in the PTX arm compared to placebo.
We cannot discount the possibility that the increase in sTNFRI in the PTX group would have an adverse clinical impact if PTX were continued as a chronic intervention. However, we did not find a correlation between change in sTNFRI and FMD in this study, thus making it difficult to make any inference of the clinical relevance of the change in sTNFRI as it relates to endothelial function. In addition, no changes in other inflammatory markers were significantly different between groups, making the change in this one biomarker potentially a chance finding due to multiple testing. Previous studies have suggested that PTX reduces TNF-a expression in vitro and in vivo by inhibiting nuclear factor-kappa B and may thus even inhibit HIV replication [21, 22, 23, 24] . However, Clerici et al. found that TNF-a expression may actually increase during the first 12 weeks of use of PTX 400 mg thrice daily [25] , a finding which is concordant our trial's finding of significant increases in sTNFRI, a more stable circulating marker of TNF-a production than circulating TNF-a itself. These contrasting results may be explained by the fact that the study by Clerici et al. and the current trial included asymptomatic patients with relatively preserved CD4 cell counts who were not receiving ART as opposed to the previously mentioned studies that involved severely immunocompromised patients with higher levels of TNF-a. This suggests that PTX may be more beneficial in patients with reduced CD4 counts and who may have a greater inflammatory burden, a group we are currently studying in a separate PTX trial in patients initiating ART (NCT00864916).
Despite its purported beneficial effects on the endothelium, the influence of oral PTX on vascular function in humans has only previously been studied in HIV-negative, type 2 diabetics [26] . In that study, similar to the current report, there was no benefit of PTX on endothelial function. The characteristics of the participants in our smaller pilot study [14] were generally similar to those who enrolled in this larger and more definitive trial. The only appreciable differences were the greater number of black participants in the current trial compared to the pilot study (62% vs. 33%) and the greater body mass index in the current trial participants (26.9 vs. 20.6 kg/m 2 ). However, neither black race nor body mass index were predictors of FMD change in this trial and so were unlikely to have led to these discrepant results. In addition, the PTX drug concentrations found at weeks 4 and 8 were comparable to those seen in our pilot trial. Of note, NTGMD did not change in either arm during this trial, suggesting that there were no changes in the inherent ability of the vascular endothelium to react to nitric oxide. Therefore, it is not clear why we observed the impressive improvements in FMD in our pilot trial and yet negative results in the current trial, although we cannot rule out the possibilities that the pilot trial's results were due to chance or biased due to the open-label design.
FMD generally declined in this study cohort, with the largest reductions in FMD occurring in those with the highest FMD at baseline, thus, regression to the mean cannot be excluded. When examining baseline FMD and sex together, baseline FMD remained significantly associated with changes in FMD after 8 weeks with sex only marginally associated with this change. A larger sample size may have led to finding that sex remained independently associated with change in FMD. Of note, we cannot exclude the possibility that PTX may be beneficial in white HIV-infected women as none were enrolled in this trial.
Although this study was relatively small, the sample size was conservatively and justifiably based on our positive pilot results. Moreover, given the FMD outcomes observed, it would be unlikely to find differences between arms, let alone a positive benefit of PTX, in a larger trial. This sample had sufficient power to find differences in the inflammatory markers found to be significantly reduced in our pilot trial, namely sVCAM-1 and IP-10. However, we recognize that a larger sample potentially could have provided greater power to find differences in these secondary endpoint measures and allowed better assessments of the changes in FMD and biomarkers in specific subgroups.
Overall, PTX was well-tolerated. Compared to placebo, the PTX participants did not report a greater frequency of gastrointestinal adverse events which have been previously associated with the use of this drug [22] . Although there was not a statistically significant increase in laboratory toxicities with PTX, the two neutropenia events, one of which led to drug discontinuation, suggests that this particular adverse event should be monitored for closely in other trials of PTX. In addition, the two participants who were lost to follow-up were both randomized to the PTX arm, so we cannot exclude the possibility of PTX-related adverse events in these two participants.
Our trial is unique in that changes in FMD and the biomarkers purportedly associated with cardiovascular disease in the HIVinfected population were assessed over time without the confounding influence of ART. This was possible as the treatment guidelines at the time at which this study was performed recommended ART initiation only in those with CD4 cell counts ,350/mL. With current recommendations to initiate ART immediately without regard to CD4 cell count, such studies will likely not be possible in the future. We also note that the negative results of this current trial do not necessarily extend to those receiving ART, although we will examine this possibility in the aforementioned second trial of PTX.
In conclusion, PTX did not reduce systemic inflammation or improve endothelial function in HIV-infected persons not requiring antiretroviral therapy. Additional research investigating the utility of other anti-inflammatory interventions is clearly needed. 
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